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The effect of S10, a strain of marine bacteria isolated from sediment in the Western Xiamen Sea, on the growth and paralytic
shellfish poison (PSP) production in the alga Alexandrium tamarense (A. tamarense) was studied under controlled experimental con-
ditions. The results of these experiments have shown that the growth of A. tamarense is obviously inhibited by S10 at high concen-
trations, however no evident effect on its growth was observed at low concentrations. Its PSP production was also inhibited by S10 at
different concentrations, especially at low concentrations. The toxicity of this strain of A. tamarense is about (0.95–
12.14) · 106 MU/cell, a peak toxicity value of 12.14 · 106 MU/cell appeared on the 14th day, after which levels decreased grad-
ually. The alga grew well in conditions of pH 6–8 and salinities of 20–34&. The toxicity of the alga varied markedly at different pH
and salinity levels. Toxicity decreased as pH increased, while it increased with salinity and reached a peak value at a salinity of 30&,
after which it declined gradually. S10 at a concentration of 1.02 · 109 cells/ml inhibited growth and the PSP production of A. tam-
arense at different pH and salinity levels. S10 had the strongest inhibitory function on the growth of A. tamarense under conditions of
pH 7 and a salinity of 34&. The best inhibitory effect on PSP production by A. tamarense was at pH 7, this inhibitory effect on PSP
production did not relate to salinity. Interactions between marine bacteria and A. tamarense were also investigated using the flow
cytometer technique (FCM) as well as direct microscope counting. S10 was identified as being a member of the genus Bacillus, the
difference in 16S rDNA between S10 and Bacillus halmapalus was only 2%. The mechanism involved in the inhibition of growth and
PSP production of A. tamarense by this strain of marine bacteria, and the prospect of using it and other marine bacteria in the bio-
control of red-tides was discussed.
 2005 Elsevier Ltd. All rights reserved.
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Since the 20th century, population explosion and
rapid development of agriculture and industry have
accompanied an apparent global increase in the occur-0025-326X/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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xian. xmu.edu.cn (T.L. Zheng).rence, area, and harm (both ecological and human)
caused by red-tides. The toxins of harmful blooms are
usually transferred to human beings by shellfish, fishes
and other sea creatures. Among the toxins produced
by red-tides, paralytic shellfish poison (PSP) is the most
dangerous. Alexandrium tamarense is an important spe-
cies of red-tide algae which is closely related to most PSP
poisoning cases (Anderson et al., 1996). With the recent
economic development of China, water pollution has
gradually become more serious. A. tamarense appears
frequently in the inshore sediments and waters (Li and
Xia, 1996; Lin et al., 2002).
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and bacteria has drawn more attention in recent years
(Docucette, 1995; Docucette et al., 1998). Bacteria could
provide the algae with nutrition and some necessary
growth factors and, on the other hand, bacteria could
also inhibit the growth of algae or possibly even lyse
the algal cells and thus kill the algae. It has caused peo-
ple to consider the importance of microbes in the study
of the mechanisms regulating the occurrence, develop-
ment and senescence of algal blooms.
Recent research, by numerous researchers, into the
relationship between bacteria and algae has resulted in
the isolation of several strains of bacteria, which could in-
hibit or kill dangerous algae. When these strains of bacte-
ria were introduced into algal cultures, they rapidly lysed
the algal cells. For this reason, it was considered that these
bacteria probably played an important role in the decline
of red-tides (Fukami et al., 1991; Imai et al., 1995; Kim
et al., 1998). In recent years, researchers have focused on
studying the correlation between red-tide algae and bacte-
ria at the community level (Riemann et al., 2000; Hold
et al., 2001; Mayali and Docucette, 2002).
The flow cytometer has been applied in marine bio-
logy since 1980s, now it is frequently applied in oceano-
graphy and limnology (Hofstraat et al., 1994; Sun et al.,
2000; Yentsch, 1990). In this paper we studied the growth
status of A. tamarense co-cultured with three strains of
marine bacteria (S5, S7, which were isolated with S10
at the same time and showed some inhibitory effect on
the growth of A. tamarense), using the flow cytometer
method (FCM) as described by Olson et al. (1993).
At present, few studies have been conducted on the
relationship between marine bacteria and red-tide algae,
especially on the microbial inhibition and the modula-
tion of toxin production. In this study, the bacterium
S10 was isolated from the western sea of Xiamen. An
investigation into its effect on the growth and toxin pro-
duction in A. tamarense will give us a better understand-
ing of the interaction between the bacteria and A.
tamarense.2. Materials and methods
2.1. Algae cultures
The alga A. tamarense provided by the Institute of
Aquatic Biology, Jinan University, was cultured in f/2
medium without silicate enriched seawater as performed
by Guillard (1975). Cultures were maintained at 20 ± 1
C with a 12:12 h, light:dark cycle.
2.2. Isolation of bacterial strains
Bacteria were isolated from sediments (1–10 cm
deep) collected in the Western Xiamen sea. One gramof sediment was put each flask containing 10 ml of
sterile seawater and vitreous beads, and then shaken
to a well-proportioned suspension. An inoculum of
1 ml of this suspension was then added to individual
A. tamarense cultures, which were then incubated for
about 7 days. Samples (1 ml) taken from separate cul-
tures in which the growth of A. tamarense was clearly
inhibited were serially diluted (101–107 fold). Sam-
ples (0.1 ml) taken from individual dilutions were
spread onto 2216E agar and incubated for 7 days at
25 ± 1 C. Individual clones were isolated and streaked
onto 2216E agar to obtain pure cultures. These iso-
lates were then added into A. tamarense cultures to
test their inhibitory function. Once this had been done
a strain of marine bacteria, S10, which showed inhibi-
tory effect on the growth of A. tamarense was
obtained.
Fresh 2216E medium was inoculated with refriger-
ated S10. After an incubation period of 48 h at
25 ± 1 C, the bacteria were washed out with sterile sea-
water, and added into a sterile flask containing vitreous
beads. The flask was then well shaken in order to dis-
perse the cells evenly. The initial number of colony
forming units (CFU) was then measured.
2.3. The effects of S10 on the growth and toxicity
of A. tamarense
Ten milliliters algal culture at the exponential phase,
after cultivation for 6–8 days in f/2 medium under con-
ditions mentioned above, was added to 480 ml of f/2
medium. Then, 10 ml bacterial suspensions (the densities
used were 3.17 · 1010, 3.17 · 108, 3.17 · 106 cells/ml,
respectively, and referred to as S10(0), S10(2), S10(4))
were added. As an experimental control, only 10 ml
the algal culture at the exponential growth phase was
added to 490 ml f/2 medium.
To study the effects of S10 on the biomass and toxicity
of A. tamarense under different environmental condi-
tions, an S10 suspension with a density of 7.63 ·
1010 cells/ml was prepared in sterile sea water. The pH
of the medium was adjusted to 6.0, 7.0, 8.0 and 9.0 with
1 M HCl or 1 M NaOH depending on the pH required.
The pH was determined using an Orion 828 pH meter.
The salinities were adjusted to 15&, 20&, 25&, 30&,
34& with NaCl or distilled water as appropriate. Corre-
sponding controls were set up for pH6.0, pH7.0, pH8.0,
pH9.0, 15&, 20&, 25&, 30& and 34&. The experi-
ments were designed as follows:
Experimental group: 730 ml f/2 medium + 10 ml bac-
teria suspension + 10 ml algal culture.
Control group (labeled A): 740 ml f/2 med-
ium + 10 ml algal culture.
The density of algal cells was estimated every
two days, and the toxicities were measured on the 16th
day.
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The density of A. tamarense cells was estimated by a
direct microscope count after fixing a 5 ml aliquot of the
culture with Lugols iodine.
2.5. Extraction of toxins and measurement of toxicity
2.5.1. Extraction of toxins
Four hundred milliliter A. tamarense cultures were
centrifuged at 3000g for 10 min. The supernatant was re-
moved and the resulting cell pellet was re-suspended in
3–4 ml 0.1 mol/l HCl followed by adjusting the pH to
3–4 with 1 mol/l NaOH. The sample was then treated
in an ice bath for 5–15 min, using ultrasound (SONICS
VC750) to break the cell walls, which was confirmed by
microscope analysis. Samples were then put in a boiling
water bath for 5 min, cooled to room temperature, and
the pH of the samples was then adjusted to 3 by 1 mol/l
HCl. Distilled water was used to make up the volume to
5 ml. Samples were centrifuged at 3500 g for 10 min. The
supernatant was then used for toxicity measurement.
2.5.2. Toxicity determination
The toxicity of the preparations was measured using
a mouse bioassay as described by Cembella et al.
(1995). Test animals (Kunming mice), weighing around
20 g, were provided by the Department of Experimental
Animals, Anti-cancer Research Center of Xiamen Uni-
versity. Each mouse was intraperitoneally injected with
1 ml of the extract. The time of injection was noted
and the mice were carefully observed, and the time of
death was then recorded. The assay was performed in
triplicates to establish sample toxicity. Median death
times of the mice including survivors were determined,
after which the corresponding toxicity in mouse units
(MU) was calculated based on Sommers Table (Cem-
bella et al., 1995). The average toxicity per algal cell
(MU/cell) was also calculated using the algal cell count
data.
2.6. Application of FCM
In this study, strains S5, S7 and S10, which were iso-
lated from sediments in the Western Xiamen Sea Area,
were studied. They were cultured for 48 h at 25 ± 1 C,
and the three cultures were diluted to provide suspen-
sions of a density of 2.65 · 1010 cells/ml. These three sus-
pensions were then mixed proportionally and labeled H.
Ten milliliters of each of the above suspensions was
added to 490 ml of the algal cultures respectively. One
algal culture was set aside without inoculation with bac-
teria to serve as the control.
Cell counts using FCM were taken every two days.
One to two milliliters of the algal cultures, filtered
through a silk sieve, were passed through the flowcytometer at a mid velocity flow over a period of
100 s. The relationship between the amount of algae in
1 ml of culture (m) and the reading of the apparatus
(n) was acquired. At a medium flow velocity, the for-
mula was y = 0.0009x + 0.1046, m = n/y, where x refers
to time (s) and y refers to volume.
2.7. Identification of bacterial strains
2.7.1. Total DNA extraction and 16S rDNA amplification
One and half milliliters of each bacterial culture was
centrifuged at 5000 rpm for 10 min. The pellets were re-
suspended in TE buffer (10 mMTris–HCl, 1 mMEDTA,
pH 8.0), which was then extracted using a CTAB (hex-
adecyltrimethyl ammonium bromide) protocol (Ausubel
et al., 2000). It was then subjected to sequential addition
of lysozyme (1 mg/ml, 37 C for 1 h) and proteinase K
(200 lg/ml in 1%SDS, 55 C for 1 h) for digestion, fol-
lowed by incubation in 1% CTAB and 0.7 M NaCl at
65 C for 15 min. Samples were sequentially extracted
with phenol:chloroform:isoamyl-alcohol (PCI 25:24:1)
and chloroform:isoamyl-alcohol (CI 24:1), precipitated
with ethanol for 1 h at 4 C, and re-suspended in 50 ll
TE buffer. The 16S rDNA gene was amplified by PCR
in 50 ll reactions system using primers (27F, 5 0-AGA-
GTTTGATCCTGGCTCAG3 0, 1486R, 5 0CGGCTA-
CCTTGTTACGACTTC3 0) under the following
conditions: 50 mM KCl, 10 mM Tris–HCl, 1.5 mM
MgCl2, 0.2 mM each dNTPs, 0.2 lM each primers and
2U Taq polymerase. An initial denaturation period
of 5 min was followed by 30 cycles at 94 C for 1 min,
55 C for 1 min, 72 C for 2 min, and the final exten-
sion (72 C) time was 10 min. The PCR products
were confirmed by 1% agarose gel electrophoresis.
The remainder of the PCR products was stored at
20 C.2.7.2. Sequence determination and 16SrDNA sequence
analysis
PCR products were purified by a Qia Quick PCR
Purification Kit, and then sequenced using a 377 DNA
automatism measure instrument (ABI PRISM). The
sequences were then assigned to their closest relatives
using the BLAST search on Genebank.3. Result and discussion
3.1. The effect of S10 on the growth and PSP production
of A. tamarense
The growth of A. tamarense was noticeably inhibited
by S10 at high concentrations, however at low concen-
trations, no evident effects on the growth of A. tama-
rense were observed (Fig. 1).
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not detected due to the low density of algal cells. After
the 9th day PSP toxicity was detected in the experimen-
tal group and in the control group. On the 14th day the
toxicity reached a peak of 1.214 · 105 MU/cell in the
control group and then declined. This peak did not ap-
pear in the experimental groups. In the control group,
the PSP toxin content in algal cells reached its peak at
the early exponential phase and then decreased, similar
to the results of Zou et al. (2001).
Different concentrations of S10 could inhibit PSP pro-
duction by A. tamarense. When the algae were co-cul-
tured with S10 in different concentrations, the toxicity
of A. tamarense was lower than that of the control group
(Fig. 2). Among the experimental groups, the effect of
S10(4) was the most prominent and its toxicity was
noticeably lower during the entire growth cycle com-
pared to the toxicities of S10(0) and S10(2). In group
S10(2), PSP toxicity was detected only on the 18th day
of the cycle because the concentration of toxin in the
algal cells was generally below the detectable limit as a
result of the intensive inhibition of the algal growth by
S10(2) and thus resulting in comparatively a lower den-
sity of algal cells.
In the mid to late exponential growth phase we found
that, the density of algal cells in the control group in-































Fig. 2. The effect of different concentrations of S10 on the PSP
production of A. tamarense.creased rapidly. In contrast, in the two experimental
groups, S10(0) and S10(2), the density of algal cells chan-
ged relatively little during the entire growth cycle and
had changed far less than the control group. Toxicity
was higher than the control in the mid to late exponen-
tial phase. The inhibition by S10(4) of the growth of the
algae was not observable, the cell density increased rap-
idly while the toxicity remained at a relatively low level,
approximating the level in the control group. A possible
reason for this was that due to the intensive inhibition
by the added marine bacteria, the algal cell volume be-
came larger and contained more large toxins; on the
other hand there could be more available external N
in cultures in which the cell density was relatively low,
and this resulted in the synthesis of PSP toxins which
are extremely N-rich compounds.
3.2. Effect of the strain S10 on the biomass and toxicity
of A. tamarense under different pH and salinities
When the temperature and salinity of the medium
were appropriate, A. tamarense could grow well between
pH 6 and 9 (Table 1 and Fig. 3), especially at pH 7. This
phenomenon indicated that this alga can grow well in
weakly acid and alkaline conditions. Similarly, Jiang
et al. (2000) reported that this alga grew best between
pH 6 and 8 and that its growth was inhibited when
the pH was higher than 9. In this study, however, A.
tamarense could grow reasonably well at pH 9. This dis-
crepancy may possibly be due to the adaptation by A.
tamarense after many generations of laboratory cul-
tures. In the cultures containing added S10, A. tamarense
grew best at pH 6 and almost equally well between pH 7
and 9. Compared to the control, S10 inhibited the
growth of A. tamarense at pH 7–9, especially at pH 7.
At pH 6, however, S10 promoted the growth of A. tam-
arense. When the pH was increased to 9, pH became the
key factor limiting the growth of A. tamarense, and the
effects of S10 were not evident.
On the 16th day, the toxicity of A. tamarense in the
control group was notably different at different pH.
The toxicity was higher at pH 6 and 7 as compared to
pH 8 and 9. The toxicity of A. tamarense decreased as
the pH increased. This may be caused by the decompo-
sition of some variants of PSP under alkaline conditions
(Ravn et al., 1995; Indrasena, 2000). Except for the pH 9
experimental group, where toxicity could not be de-
tected due to exceedingly low cell density, S10 could
effectively suppress toxin production under different
pH especially at pH 7. In conditions of pH 6, 7 and 8,
the toxicity of A. tamarense in the experimental groups
was 53.80%, 43.39% and 73.56% of that in the control
group, respectively.
A. tamarense had a wide adaptability to salinity (Ta-
ble 2). It could grow at salinities between 15& and 34&,
with a salinity of 20& most suitable for the growth of A.
Table 1
Effect of the strain S10 on the growth of A. tamarense (cells/ml) at different pH
Days
0 2 4 6 8 10 12 14 16 18
Control pH6 180 270 350 930 1320 1700 3300 4700 7950 11450
pH7 180 290 460 920 1670 2860 4050 6950 10500 15500
pH8 180 200 350 700 1320 2120 3900 6000 8400 10400
pH9 180 290 280 460 530 1360 1900 3550 5550 8100
Experimentation pH6 180 290 910 1430 2600 4840 6200 8500 11350 16100
pH7 180 210 350 620 960 1630 3200 4050 5850 7700
pH8 180 250 200 540 960 1630 2850 3650 4850 6600

























Fig. 3. The effect of S10 on the toxicity of A. tamarense under different
pH.
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Jiang et al. (2000). S10 was shown to inhibit the growth
of A. tamarense at all salinities, with the strongest inhi-
bition at 34&.
On 16th day, the toxicity of A. tamarense was mark-
edly different at the various experimental salinities (Fig.
4). The toxicity of A. tamarense increased with increas-
ing salinities. Toxicity peaked when the salinity reached
30&, and then declined. This result was again similar to
that of Jiang et al. (2000). Salinity could play a regula-Table 2
Effect of the strain S10 on the growth of A. tamarense (cells/ml) under differ
Salinity Days
0 2 4 6
Control 15 180 170 230 300
20 180 360 460 1050
25 180 290 350 850
30 180 240 360 750
34 180 190 350 790
Experimentation 15 180 230 310 440
20 180 370 410 900
25 180 250 460 820
30 180 290 370 630
34 180 230 440 610tory role in toxin biosynthesis by exerting ionic effects
on the nutrient uptake mechanisms, as well as a variety
of active transport and might facilitate diffusion systems.
White (1978) demonstrated that along with increasing
salinity, the toxin content of Gonyaulax excavata also
rose immediately to a threshold. Another report (Flynn
et al., 1996) indicated that the toxin content of Gymno-
dinium catenatum did not increase in response to de-
creased salinity. The toxin content of Pyrodinium baha-
mense increased as salinity decreased, which was
accompanied by a decrease in growth rate (Usup
et al., 1994). These findings indicate that there may in-
ter-specific differences in adaptive abilities to different
salinity gradients.
The toxicity levels of A. tamarense in each experimen-
tal group were lower than those of the control group,
strongly suggesting that S10 may inhibit PSP production
at various salinities. However, the strength of the inhibi-
tion does not appear to be linearly related to salinity
levels.
3.3. The comparison of FCM counting and microscopy
counting
Results obtained through the FCM and microscope
counts (Figs. 5 and 6) indicated that after co-culturing
for 12 days, S10 could strongly inhibit the growth of
the algae. Both methods of measuring algal cell densityent salinities
8 10 12 14 16 18
420 810 950 2200 3500 5500
1790 2930 5750 7100 12300 17800
1570 2260 5300 6200 8900 11300
1660 2890 4400 6950 8400 10700
1250 2110 3900 6850 8550 12100
790 1310 1750 2200 3450 4900
1660 3010 4850 6050 10100 13100
1480 2670 3900 5300 7250 7800
940 1370 2550 4050 4850 6500





























Fig. 5. Effect of different bacteria at the same concentration on the




























Fig. 4. The effect of S10 on the toxicity of A. tamarense under different
salinities.
T.L. Zheng et al. / Marine Pollution Bulletin 51 (2005) 1018–1025 1023proved fruitful, but it was noted that microscope density
counts were higher because of the inability of the FCM
to detect non-living cells. In addition to this, due to the
difference in the chlorophyll content of algal cells, some
of the live algal cells would also have been discarded by
the FCM.
The disparity between the FCM and microscope
methods of cell counting increased as culturing time
progressed (Fig. 7). In the early period of culturing,





























Fig. 6. Effect of different bacteria at the same concentrationFCM. The difference increased during the exponential
growth phase with microscope counts between 1.5 and
2 time than those of the FCM. The greatest difference
was registered in the late exponential growth phase
and in the decline phase of the algae with microscope
counting registering between 1.8 and 2.5 times greater
than the FCM.
In short, although the values registered by the FCM
were less than that those returned through microscopy,
they showed consistent trends. Because of the impracti-
cality of using microscope to determine algal density due
to its expense in terms of time and labour, the FCM ap-
pears to be a more promising way of measuring the den-
sity of the bloom-forming algal cells. Indeed, the FCM
seems to be relatively accurate, quick, and has a higher
throughput and repeatabilities.
3.4. Bacterial identification
The size of the 16s rDNA gene PCR-amplified prod-
ucts obtained from S10 were approximately 1.4 kb. PCR
products were sequenced after purification. The se-
quences were input into the Database of International
Molecular Biology, and compared with known se-
quences. It was found that no identical sequences from
any of the three strains existed in the database, however
there were a few strikingly similar genetic sequences. It
was determined that S10 was a member of genus Bacillus,
and that one of its closest relatives, genetically speaking,
was Bacillus halmapalus, with the two species differing
genetically only by 2% in their 16S rDNA.
3.5. Bacterial inhibition on algal growth
Our recent study suing scanning-electron microscopy
revealed that bacteria often co-occur with algae and that
these bacteria tended to invade the algal cells and re-
main in their cytoplasm (Yan Li Wang, unpublished
observations). When the bacteria reached a sufficiently
high density, the interior structure of algae began to12 14 16 18 20 22
e /day




















Fig. 7. Data difference of the algae A. tamarense dendity obtained by
FCM and microscopy.
1024 T.L. Zheng et al. / Marine Pollution Bulletin 51 (2005) 1018–1025disintegrate. It was also found that the decaying algal
cells tended to contain large numbers of S10, suggesting
the possibility that the bacteria could have multiplied
within the algal cells. Ms Wang suggested that the bac-
teria which had invaded the algal cells could cause either
morphological or structural damage to the cells, leading
to an accelerated aging and earlier death (lysis). This
may be one of the reasons why high concentrations of
S10 had a greater inhibition on the growth of the algae.
Another possible explanation for the inhibition of the
growth of the algae by bacteria may be nutrition compe-
tition between the algae and the bacteria. In addition,
some bacteria can secrete substances that can specifically
inhibit the growth of algae. The production of algal tox-
ins is influenced by many factors, including growth rate,
cell physiological status, light conditions, temperature,
salinity, nutrition factors and pH (Cembella, 1998). At
least one report has shown that bacteria do influence
the production of PSP (Hold et al., 2001). It is conceiv-
able that marine bacteria might affect the production of
algal toxin by changing these factors. However, up to
now the interactions between marine bacteria and
marine algae have not been fully elucidated, and the
mechanism of inhibition on the growth and toxin pro-
duction of the algae by the bacteria has remained
unknown.
In recent years, coastal countries have paid great
attention to toxic algal blooms. China has also suffered
great economic loss caused by these red-tides. Hence,
discovering how to prevent red-tides has become an
urgent affair to these coastal countries. While chemical
methods have been used to prevent red-tides (Yu
et al., 1993), these methods introduce pollutants into
the marine environment, and thus there is a need to look
for other alternatives, including biological control
techniques.
We suggest that the possible role of bacteria in con-
trolling algal blooms be studied in greater detail, and
it is possible that bacteriological method could provide
a promising method for controlling harmful algal
blooms in future.Acknowledgement
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